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トウモロコシ幼葉鞘の一次正光屈曲における 
先端特異的な青色光受容に関する研究 (英文)  
 
要旨 
 
オーキシン(indole-3-acetic acid (IAA)) は初めて同定された植物ホルモンであり、植物の
成長、発生、環境応答など多くの生理現象に関わることが知られている。光屈曲はそのよ
うなオーキシンが関わる生理現象の一つである。固着生物である植物は、周囲の環境に瞬
時に応答する必要がある。植物は光の方向に曲がる光屈性を用いることで、光をより多く
受容することができる。光屈曲は青色光受容体型タンパク質リン酸化酵素である
phototropin (phot) による光受容が引き金となり起こる。その仕組みの全容は明らかになっ
ていないが、Cholodny-Went 説に基づき、光照射側から非照射側へ IAA が横移動し不等分
布を形成する。その濃度勾配から両側での不均等成長を引き起こし、その結果光の方向へ
曲がると考えられている。 
 シロイヌナズナやイネには 2種類の PHOT遺伝子 (AtPHOT1, 2, OsPHOT1a/b, 2) が存
在するのに対し、トウモロコシでは ZmPHOT1 遺伝子のみが報告されていたため、Part I
ではトウモロコシゲノムデータベースから PHOT 様遺伝子の探索を行った。その結果、ト
ウモロコシのゲノム上にも PHOT2 に分類される遺伝子が存在することがわかった。そこ
で ZmPHOT1 と ZmPHOT2 の mRNA の発現パターンを、幼葉鞘と幼葉鞘内の幼葉にわけ
て定量 PCR で確認した。ZmPHOT1 は幼葉鞘に比較的多く発現しており、ZmPHOT1、
ZmPHOT2 ともに幼葉での発現レベルは低かった。また青色光照射がそれぞれの遺伝子発
現へ与える影響を観察したところ、弱光 (LBL; 0.33 µmol m−2 s−1 × 8 sec) のパルス照射と
強光 (HBL; 10 µmol m−2 s−1) の連続照射のどちらも場合でも、幼葉鞘での ZmPHOT1 
mRNA の発現が照射後 30 分以内に大きく減少することが分かった。これに対して、幼葉
鞘での ZmPHOT2 の遺伝子発現はどちらの青色光によっても有意な変化は起こらなかった。
幼葉ではどちらの遺伝子も幼葉鞘での ZmPHOT1 ほど劇的に変化することはなかった。こ
れらの結果とシロイヌナズナでの知見を合わせて、幼葉鞘での一次正屈曲を司る主要な青
色光受容タンパク質は Zmphot1 である可能性が高いと考えた。そこで、Zmphot1 タンパ
ク質の分布や青色光照射による修飾などについて特異抗体を用いて詳細に調査した。
Zmphot1はmRNAの発現パターンと同様に幼葉鞘先端部に広く (0-10 mm) に分布してい
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た。次に、シロイヌナズナの Atphot1, 2 が青色光依存的に自己リン酸化することが報告さ
れているため、Zmphot1 への青色光照射の影響を調べた。その結果、HBL 照射は Zmphot1
の自己リン酸化を誘導するが、LBL 照射では明確な Zmphot1 の変化は観察されなかった。
LBL が誘導する一次正屈曲では、Zmphot1 のリン酸化を伴わない反応系か、リン酸化した
Zmphot1 のリン酸基が何らかの形ですぐに離れる可能性が示唆された。さらに、幼葉鞘先
端 0-2 mm で特異的に発現している ZmNPH3-like、ZmPGP-like 遺伝子がコードするタン
パク質についても特異的な抗体を用いて分布を調べた。その結果、それらのタンパク質の
分布が mRNA と同様に幼葉鞘の先端に特異的であることを示した。これらの結果から青色
光を受容する Zmphot1とその基質の一つと考えられる ZmNPH3-like が同じ幼葉鞘先端部
位に分布していることが考えられたので、ボンバードメント法による一過的遺伝子導入に
よる実験を行った。両遺伝子を幼葉鞘およびタマネギの表皮細胞に同時導入したところ
Zmphot1、ZmNPH3-like は結合した状態で細胞膜上に局在することが観察された。以上の
結果から、トウモロコシ幼葉鞘では Zmphot1 が比較的広範囲で青色光刺激を受容する。し
かし、その後のシグナル伝達は基質である ZmNPH3-like などの先端特異的な分布により局
所的に起こり、先端部での IAA の不均等分布をもたらすものと考えられる。 
 上述のように、IAA は様々な生理現象に関わっている。それは厳格な輸送システムによ
り緻密に制御されている。当研究室のこれまでの研究から、少なくともトウモロコシ幼葉
鞘では IAA の生合成が先端特異的に行われることが示されている。この部位は一次正屈曲
における青色光受容部位でもあり、青色光照射により誘導される IAA の偏差分布が初めに
形成される部位でもある。IAA の組織内の濃度勾配や局在の形成は IAA 排出阻害剤である
NPA (1-N-naphthylphthalamic acid) 処理により大きな影響を受ける。トウモロコシ幼葉
鞘では NPA 処理により一次正屈曲が阻害されることが示されている。しかし、IAA 流入阻
害剤の影響は報告されていない。合成オーキシンの一つである NAA (1-N-naphtalene 
acetic acid) のアナログ、1-NOA (1-naphtoxyacetic acid) は既知の IAA流入阻害剤である。
しかし、1-NOA はその NAA との構造の類似性から、高濃度ではオーキシン活性をもつ可
能性や、IAA の流入だけでなく排出も阻害する可能性が報告されている。一方、シロイヌ
ナズナを用いた遺伝学的な研究から、IAA 流入運搬体 (AUX1/LAXs) が局所的な IAA の分
布形成に重要な役割を果たしていることが示されている。特に、側根の分化やフック形成、
そして光屈曲への関与も指摘されている。当研究室のケミカルスクリーニングによる先行
研究によって得られていた IAA 輸送阻害剤候補のうち、7-B3 (ethyl 2-[(2-chloro-4 
-nitrophenyl)thio]acetate) は合成オーキシンの2,4-D (2,4-diclorophenoxy- acetic acid) と
類似した構造を有する新規の阻害剤であることが示唆されていた。そこで、Part II では
7-B3 の IAA 流入阻害剤としての性質について詳細な検討を加えた。その結果、1-NOA の
ように IAA 活性を示すことがないことから、青色光照射後の先端特異的な IAA の偏差分布
形成機構を明らかにする上での新しいツールとなると考えている。 
  
4 
 
Studies on mechanisms of tip specific blue-light perception in 
maize coleoptiles; in relation to first positive phototropism 
 
 
 
 
Abstract 
 
    Auxins are the class of plant hormones mediating many plant physiologies, growth, 
development, and environmental responses. Phototropism is one of these auxin 
mediated phenomena. It is induced by the perception of unilateral blue-light by 
phototropin (phot)s, and the signal triggers lateral transport of a natural auxin, 
indole-3-acetic acid (IAA), at the tip region of monocot coleoptiles. 
In Part I, I searched PHOT genes from the maize genome database, and obtained 
two genes of phototropins, a putative ZmPHOT2 gene sequence as well as ZmPHOT1 
which is already known. To characterize both genes, I analyzed their expression 
patterns by the quantitative real-time PCR analysis. ZmPHOT1 was abundantly 
expressed in etiolated coleoptiles, while lower expressions of both ZmPHOT1 and 
ZmPHOT2 were observed in young leaves. These genes were not specifically expressed 
in the tip of coleoptile where is a key region for photo-perception in phototropism. A 
pulsed low-fluence blue-light (LBL) (0.33 µmol m−2 s−1 × 8 sec) and continuous 
high-fluence blue-light (HBL) (10 µmol m−2 s−1) rapidly decreased the expression level of 
ZmPHOT1 gene in coleoptiles, whereas the expression level of ZmPHOT2 did not 
significantly change after the treatments. In contrast, no drastic transcriptional 
changes were observed in either ZmPHOT1 or ZmPHOT2 by LBL or HBL irradiation in 
young leaves. These results indicated that Zmphot1 might work as a main blue-light 
receptor for LBL-induced phototropism in coleoptiles. Thus, protein modification of 
Zmphot1 was investigated by western blot analysis using two specific antibodies 
against Osphot1. Zmphot1 was detected in microsomal fractions, and accumulated at 
coleoptiles than leaves as similar as its mRNA expressions. HBL caused rapid 
phosphorylation of the protein and reduced the amount of protein similar to other plant 
phot1. Interestingly, no Zmphot1 phosphorylation was detected by LBL in this study. As 
previously reported, the tip specific ZmNPH3-like and ZmPGP-like gene expressions, I 
confirmed that ZmNPH3-like and ZmPGP-like proteins distributed similarly to mRNA 
expression patterns. Particle bombardment analysis showed that Zmphot1 and 
ZmNPH3-like proteins could interact in the cells and were co-localized on plasma 
5 
 
membrane. I will discuss the possible involvement of these proteins in tip-specific 
blue-light perception and IAA re-distribution in maize coleoptiles. 
    The LBL irradiation to the topmost part of coleoptiles is sufficient to induce the 
phototropism. The tip of coleoptile is also the region where the asymmetric 
indole-3-acetic acid (IAA) distribution occurs after the LBL perception, and IAA is 
actually synthesized at this specific region. Previous report showed that treatment of 
NPA (1-N-naphthylphthalamic acid), a potent inhibitor of IAA efflux, inhibited 
LBL-induced phototropic responses. On the other hand, little is known about the effects 
of the IAA influx inhibitors on phototropism in maize coleoptiles. 1-naphtoxyacetic acid 
(1-NOA), an analog of the synthetic auxin, 1-N-naphtalene acetic acid (NAA), is the one 
of IAA influx inhibitors. Although 1-NOA inhibits auxin efflux, it also has an auxin 
activity at a relatively high concentration possibly due to its structural similarity to 
NAA. In the previous studies at our laboratory, several candidates of novel IAA influx 
inhibitors were screened from 10,000 chemical library. One of them, 7-B3; ethyl 
2-[(2-chloro-4-nitrophenyl)thio]acetate, showed similar structure to a synthetic auxin, 
2,4-D (2,4-diclorophenoxyacetic acid),. Therefore, in Part II, I conducted 
characterization of 7-B3 as a new IAA influx inhibitor using Arabidopsis seedlings. The 
results indicated that 7-B3 did not exhibit auxin activity at high concentration, though 
1-NOA at the same concentration induced IAA response such as DR5::GUS expression. 
It is reported that 1-NOA inhibits apical hock formation of etiolated Arabidopsis 
seedling. I found 7-B3 inhibited the apical hock formation more effectively than 1-NOA. 
This effect seemed solely through inhibition of IAA influx by 7-B3. These results 
suggested that 7-B3 is a potential inhibitor of IAA influx without auxin activity. Recent 
studies have indicated that the IAA influx activity is important to create IAA maxima at 
the local and specific tissue, and mediate physiological responses, such as formation of 
apical hock, root initiation, and phototropism. Thus, I propose that 7-B3 will be an 
effective tool to analyze the local asymmetric IAA distribution after LBL irradiation. 
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General Introduction 
  
Plants have developed to exhibit various responses to ever changing environments. 
Phototropism induced by unilateral blue light is one of those adaptive responses in 
which plants bend toward light to capture the energy efficiently. This phototropic 
response has been noticed since before the century. According to the pioneering work of 
Darwin and Darwin (1880) using monocot coleoptiles with covered or removed tip, the 
tip region is the site of light perceptions. They proposed that some influence was 
transmitted from tip to the lower regions to promote phototropic bending. 
Boysen-Jensen (1911) reported that Darwin’s influence could be transmitted from the 
tip through the gelatin block to induce phototropic curvature. In 1913, Boysen-Jensen 
also demonstrated that inserting a thin sheet of impervious mica across at the shaded 
side was sufficient to inhibit curvature. Thimann and Went (1934) had been also 
working on phototropism using gelatin or agar block, leading us to identify primary 
plant hormone indole-3-acetic acid (IAA). They found the block absorbed the diffusible 
signal could stimulate bending when placed unequally on top of decapitated coleoptile. 
This bioassay was used to identify the chemical from the human urine named auxin by 
Kolg and Haagen-Smits in 1931. In the same decade Cholodny (1928) proposed similar 
theory of gravitropism using oat root. Later, Went integrated Cholodny’s work with his 
work what has been generally accepted models of phototropism as Cholodny-Went 
hypothesis (Went and Thimann, 1937). According to the hypothesis, when plants 
perceive unilateral light at the tip region, asymmetric IAA distribution is established by 
lateral IAA movements and tropic responses are results from differential growth on the 
two sides of coleoptiles depending on IAA distributions. These historical stories were 
reviewed in detail by Whippo and Hangarter, (2006), Christie and Murphy, (2013), 
Liscum et al., (2014). Briggs and his colleagues (1957, 1963) showed supporting data for 
the hypothesis that introducing a thin grass cover slip between the lit and the shaded 
side of maize coleoptile disrupted the formation of auxin gradient, and auxin gradient 
arose from a lateral movement from the irradiated to the shaded side (see also Chiristie 
and Murphy, 2013 and Briggs, 2014; Fig. S1). Although several works were reported as 
competitive to this hypothesis (Whippo and Hangarter, 2006; Christie and Murphy, 
2013), further experiments using radiolabelled IAA, a synthetic auxin-responsive 
promoter DR5, and direct determination of IAA using GC-MS supported this hypothesis 
(Liscum et al., 2014). 
 Since the Darwin’s work, researchers had tried to identify the photoreceptor 
related to phototropism. In late 1980s to early 2000s many studies based on the genetic 
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analysis mainly using Arabidopsis have been done, and blue light receptors, 
phototropins (phots), are identified as key factors for initiation of phototropic responses 
(Briggs, 2014). Briggs et al. (2001) phylogenetically analyzed several phototropin-like 
proteins clustered into two groups, phot1 and phot2, however only phot1 was reported 
in Zea mays. In this study, I found ZmPHOT2 from data base by BLAST searching, and 
characterized ZmPHOT1 and ZmPHOT2 gene expressions in maize seedlings. I also 
investigated the possibility that Zmphot1 protein is involved on first positive 
phototropic curvature in Part I (Suzuki et al., 2014a).  
Genetic studies also have identified proteins that appear to function as auxin 
transport facilities to make local auxin gradient at the tip region. AUX1 
(AUXIN-RESISTANT1), PIN1 (PIN-FORMED1), PIN3, B1/PGP1 (ATP-BINDING 
CASETTE B1/P-GLYCOPROTEIN1;), B19/PGP19 were reported as involved in 
phototropism (Liscum et al., 2014). Among these findings, AUX1 seems to work 
moderately which is supported by the evidence that only combination of aux1 mutation 
with lax2 and lax3 (Christie et al., 2011), or with a null mutation in NPH4/ARF7 (Stone 
et al., 2008) defects phototropism. Thus, to evaluate the activity of IAA influx carriers, I 
characterized a new IAA influx inhibitor and investigated the effect of it on the first 
positive phototropism of maize coleoptiles in Part II (Suzuki et al., 2014b). 
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Part I 
 
Effects of blue‑light irradiation on expressions of ZmPHOT1 and ZmPHOT2 
genes and Zmphot1 protein in relation to phototropism in maize coleoptiles 
 
 
 
Abstract 
 
Unilateral blue-light perception by phototropins is the first event of phototropism 
which allows plants to grow toward a light. Phototropins are reported as two genes 
AtPHOT1 and AtPHOT2 in Arabidopsis however, only ZmPHOT1 are studied before. In 
this study, I analyzed the behavior of two maize phototropin genes: ZmPHOT1 and 
ZmPHOT2, the latter identified from the maize genome database and newly 
characterized. I demonstrated that ZmPHOT1 was mainly expressed in etiolated 
coleoptiles, whereas both ZmPHOT1 and ZmPHOT2 were expressed at low levels in 
young leaves. Interestingly, neither ZmPHOT1 nor ZmPHOT2 was expressed 
specifically at tip of coleoptiles where is known to be a key region for photo-perception in 
phototropism. Pulsed low-fluence blue light (LBL) (0.33 μmol m−2 s−1 × 8 sec) and 
continuous high-fluence blue light (HBL) (10 μmol m−2 s−1) immediately decreased the 
expression of ZmPHOT1 gene in coleoptiles, but the level of ZmPHOT2 were not 
significantly changed by LBL or HBL in the same tissue. In contrast to those in the 
coleoptiles, in young leaves, no drastic changes were induced in either ZmPHOT1 or 
ZmPHOT2 by LBL or HBL irradiation. I also investigated Zmphot1 protein in relation 
to first-positive phototropism by Western blot analysis using two anti-Osphot1 
antibodies. Zmphot1 was detected in microsomal fractions, with higher levels in 
coleoptiles than in young leaves similar to its gene expression levels. Exposure to HBL 
induced rapid phosphorylation of the protein, whereas no phosphorylation by LBL. 
ZmNPH3-like and ZmPGP-like proteins are detected in microsomal fraction as well as 
Zmphot1 and these proteins are abundant at tip of coleoptiles consistent with mRNA 
expression patterns. To observe more detailed localization of these proteins in the cell, I 
bombarded ZmPHOT1 and ZmNPH3-like genes fused with fluorescent protein genes 
suggesting both proteins co-localized on plasma membrane. The possible involvement of 
Zmphot1 and ZmNPH3-like in LBL-induced phototropic response of maize coleoptiles is 
discussed. 
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Abbreviations 
 
B19/PGP19: ATP-BINDING CASSETTE B/P-GLYCOPROTEIN19 
BiFC: Bimolecular fluorescence complementation 
CBB: Coomassie brilliant blue 
GC-MS: Gas chromatography-mass spectrometry 
GFP: Green fluorescent protein 
HBL: High-fluence blue light 
IAA: Indole-3-acetic acid 
LBL: Low-fluence blue light 
NPA: 1-N-naphthylphthalamic acid 
NPH3: NONPHOTOTROPIC HYPOCOTYL3 
PAGE: Polyacrylamide gel electrophoresis 
PCR: Semi-quantitative reverse transcript–PCR 
PIN: PIN-FORMED 
PID: PINOID 
PKS: Phytochrome kinase substate 
PSI: Pound-force per square inch 
qPCR: Quantitative real-time reverse transcript–PCR 
RFP: Red fluorescent protein 
RNA-seq: RNA Sequencing 
RTP2: ROOT PHOTOTROPISM2 
SDS: Sodium dodecyl sulfate 
T-TBS: 10 mM Tris–HCl buffer (pH 7.5) containing 150 mM NaCl and 0.1 % Tween 20 
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Introduction 
 
Phototropism is caused by differential cell elongation between the irradiated side 
and shaded sides of plant organs resulting from an auxin gradient (Briggs, 1957; 1963; 
Pickard and Thimann, 1964; Chiristie and Murphy, 2013; Liscum et al., 2014). A 
reporter gene driven by the auxin-responsive promoter DR5 also showed lateral auxin 
redistribution (Christie et al., 2011; Ding et al., 2011). In addition, direct measuring of 
endogenous IAA by GC-MS confirmed asymmetric IAA distribution after blue-light 
irradiation (Matsuda et al., 2011). Detailed physiological experiments revealed that 
plant phototropic response are separated mainly two types, the first positive and second 
positive phototropisms (Briggs 1960; Zimmerman and Briggs 1963; Iino, 1990; Whippo 
and Hangerter 2006; Briggs, 2014; Fig. S1A). Recently second positive phototropism 
contains two character in detail, time-dependent second positive and continuous- 
light-induced second positive phototropisms in Arabidopsis (Haga and Sakai, 2012; 
Haga et al., 2014). Christie and Murphy (2013) summarized the model that different 
responses depend on the formation of a lateral gradient of protein phosphorylation 
(latter identified as phototropins) which is first proposed by Salomon et al. (1997a, b). 
However, fluence-responsive curves measured for the phosphorylation reaction were 
found to be an order of magnitude less sensitive than for first positive phototropism as 
they mentioned (Christie and Murphy, 2013; Briggs et al., 2014; Fig. S1B).  
Arabidopsis harbors two phototoropins, Atphot1 and Atphot2 which work as major 
blue-light receptor kinases involved in phototropism with partially overlapped manner. 
They composed half and N-terminal photosensory region and a C-terminal serine/ 
threonine protein kinase domain. The photosensory domain possesses two LOV (light, 
oxygen, or voltage-sensing 1 and 2) domains with cysteine residues each bind a flavin 
mononucleotide (FMN) as a chromophore (Salomon et al., 2000). The C-terminal kinase 
activity is inhibited by the LOV2 domain in the dark. Upon the blue-light, LOV2 
domain is released from kinase domain and the kinase activity arises (Matsuoka and 
Tokutomi, 2005; Kong et al., 2006; Okajima et al., 2012; 2014). Genetic studies 
suggested that Atphot1 is thought to be involved in both first and second positive 
curvatures, whereas Atphot2 mainly operates second positive curvature (Sakai et al., 
2001; Briggs et al., 2001). First positive curvature is observed upon exposure to very low 
fluence of pulse blue-light (LBL), showing a typical bell-shaped response curve in which 
the magnitudes of the responses are dependent on the total light fluence. Second 
positive curvature occurs upon irradiation with high fluence blue-light (HBL) 
depending on the duration of irradiation (Fig. S1A). However, direct experimental 
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evidences are still lacking (Sakai and Haga, 2012, Hohm et al,, 2013; Briggs, 2014). 
Both types of phototropism are enhanced by pre-irradiation of red light (Iino, 1988; 
Janoudi et al,, 1997; Han et al,, 2008; Nagashima et al,, 2008a; Haga et al,, 2014). 
Red-light treatment is known to induce several cellular events depending on 
phytochrome(s) which is a receptor of red and far red-light. In the study by Han et al. 
(2008), phot1 movement from plasma membrane to cytosol was inhibited by 
pre-treatment of red light. Nagashima et al. (2008a) reported that the expression of 
ATP-BINDING CASSETTE B/P-GLYCOPROTEIN19 (B19/PGP19), which is known as a 
negative regulator of phototropism (Noh et al., 2003; Nagashima et al., 2008b), was 
reduced by red light irradiation in Arabidopsis. Also direct interaction between Atphot1 
and AtB19 was confirmed by Christie et al (2011). They showed that Atphot1 directly 
phosphorylates AtB19 resulting reduced transport of auxin. In addition to AtB19, 
several phototropin-binding proteins were identified (Sakai and Haga, 2012; Goyal et al., 
2013; Liscum et al., 2014; Table S1, Fig. S2). NON PHOTOTROPIC HYPOCOTYL 
(NPH) 3 was characterized as one of those phot1- binding proteins localized on plasma 
membrane (Liscum and Briggs, 1995; Motchoulski and Liscum, 1999; Lariguet et al., 
2006; Pedmale and Liscum, 2007), and its homologue, ROOT PHOTOTROPISM (RPT) 2 
was also reported to be a phot-adopted protein (Sakai et al., 2000). Because nph3 
mutant shows aphototropic response without altered phot1 auto-phosphorylation, 
NPH3 is thought to act at the downstream of phot1 (Liscum and Briggs, 1995; 
Motchoulski and Liscum, 1999). Another plasma membrane associated proteins, 
phytochrome kinase substate (PKS)1, PKS2, and PKS4 interact with phot1, phot2 and 
NPH3 in Arabidopsis (Lariguet et al., 2006; de Carbonnel et al., 2010; Demarcy et al., 
2012). AtPKS4 is reported to be phosphorylated by Atphot1 depending on blue-light 
(Demarcy et al., 2012). Recently Kami et al. (2014) demonstrated that PKS4 is 
primarily important for phototropism in response to low fluence light, whereas PKS2 in 
response to high fluence light, and PKS1 works under all light conditions additively to 
PKS4 or PKS2. The yeast-two-hybrid screening identified a novel phot1-interacting 
protein, 14-3-3 λ in Arabidopsis (Sullivan et al., 2009). In barley it is known that 14-3-3 
protein binds NPH3 and PIN1 (Blakeslee et al., 2004; Schoonheim et al., 2007). 
A series of studies in our laboratory have shown that the region within top 2-mm of 
red-light adopted maize coleoptile is the site of IAA biosynthesis (Mori et al., 2005: 
Nishimura et al., 2009; 2014) and blue-light perception for first positive phototropic 
curvature with the unilateral LBL (0.33 µmol m-2 s-1 for 8 sec) (Matsuda et al., 2011). In 
Part I, I focused on several factors in maize which are known to be phototropism-related 
protein in Arabidopsis. Although it has been shown that there are two genes, OsPHOT1 
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and OsPHOT2, in rice, which are orthologues of AtPHOT1 and AtPHOT2 in Arabidopsis, 
respectively (Kanegae et al., 2000; Briggs et al., 2001; Jain et al., 2007), only ZmPHOT1 
was reported in maize and its expression pattern do not seem to determine the site of 
light perception (Fuchs et al., 2003). Thus, I and collaborator searched the phototropin 
gene analogs in maize genome database and characterized PHOT2-like gene in maize. I 
observed the expression pattern and blue-light regulation of ZmPHOT genes with 
red-light adopted maize seedlings, comparing to PHOT1 and PHOT2 genes in rice and 
Arabidopsis (Kanegae et al., 2000; Briggs et al., 2001; Jain et al., 2007). Only the 
expression of ZmPHOT1 was drastically altered by both LBL and HBL while no 
significant changes of both ZmPHOT1 and ZmPHOT2 by LBL or HBL were observed in 
young leaves. Taken together with these results and other reports from Arabidopsis and 
Rice, a possible involvement of Zmphot1 on first positive phototropic response of maize 
coleoptiles was suggested. Therefore, I analyzed rapid changes in protein level of 
Zmphot1 after a unilateral blue light irradiation using two anti-Osphot1 antibodies 
recognizing LOV or kinase domain. Also I observed distributions of ZmNPH3-like and 
ZmPGP-like proteins in maize coleoptiles using specific antibodies. In addition, the 
transient analysis using particle bombardment showed co-localization of Zmphot1 and 
ZmNPH3-like in onion epidermal cells. 
 
 
 
Materials and methods 
 
Plant materials and growth condition 
Seeds of maize (Zea mays L. ‘Golden Cross Bantam 70’ (Sakata Seeds Co.) were 
sterilized with ten times diluted sodium hypochlorite (Wako) solution for 7 min, rinsed 
by running tap water for 10 hrs, and then sown on moist paper towels, and incubated at 
25°C for 2.5 days under red-light (2 µmol m−2 s−1) (Matsuda et al., 2011). To avoid 
red-light effects on phototropins, all procedure from germination to protein extraction 
was performed under the red-light (2 µmol m−2 s−1) (Iino, 1991).  
Rice seeds (Oryza sativa L. ‘Nipponbare’ ) were sterilized with 70% EtOH (w/v) for 3 
min and 1% sodium hypochlorite (w/v) for 30 min. After washing, seedlings were sown 
and grown on 0.4% agar (Wako) at 27°C for 4 days in darkness. 
 
Unilateral blue-light irradiation 
As described in Nishimura et al. (2009), 2-cm coleoptile segments were detached 
14 
 
from maize seedlings and clamped in 1 % agar (Wako) vertically to induce phototropic 
response (See also Matsuda et al., 2011). The segments were irradiated with unilateral 
blue-light (ISL-150X150-BB LED; CCS), either in pulses for 8 sec at 0.33 µmol m−2 s−1 
(LBL) or continuously at 10 µmol m−2 s−1 (HBL) measuring by a quantum photometer 
(LI190SA; LI-COR, USA) and a data logger (LI-1000; LICOR). During treatments, 
coleoptiles were kept under red-light (2 µmol m−2 s−1).  
 
Sequence analysis of phototropin homologues in several plant species 
Sequence homology searches were performed with BLAST 2.0 (Altschul et al., 1997). 
A phylogenetic analysis was performed among eight phototropin amino acid sequences, 
Zea mays, Oryza sativa, Arabidopsis thaliana, and Avena sativa obtained from database 
(Fig. S3). The final aligned dataset comprised 826 positions after elimination of gaps 
and missing data. Evolutionary distances represented as the number of amino acid 
substitutions per site were computed using the Poisson Correction Method. 
Evolutionary history of the eight phototropins was inferred using neighbor-joining 
(Saitou and Nei, 1987) as implemented in MEGA5 (Tamura et al., 2011), yielding an 
optimal tree with the sum of branch lengths = 1.09761674. Support for branches in the 
tree was assessed by bootstrapping with 500 replicates. 
 
Quantitative real-time RT-PCR  
For quantitative real-time RT-PCR (qPCR), total RNA was obtained from frozen 
maize coleoptile tissues using RNeasy Plant Mini kit (Qiagen, Japan), with RNase-Free 
DNase (Qiagen) to remove DNA. Reverse transcription (RT) of RNA (0.5 μg) was carried 
out using a High Capacity RNA-to-cDNA kit (Applied Biosystems) according to the 
manufacturer’s protocol. ZmPHOT1, ZmPHOT2, and UBIQUITIN-specific primer 
combinations (Table S2) were constructed. qPCR was performed on a LightCycler 480 
(Roche Diagnostics) using SYBR Green I Master mix. Melting and standard curves were 
determined for each qPCR. The expression level of ubiquitin was used to normalize 
those of ZmPHOTs. All qPCR experiments were performed in biological triplicates, with 
at least two technical replicates. 
 
Protein extraction and Western blot analysis 
From approximately 200 mg of maize coleoptile or young leaf tissue, proteins were 
extracted by 1 ml of extraction buffer (25 mM MOPS-NaOH [pH 7.8], containing 250 
mM sucrose, 0.1 mM MgCl2, 8 mM cysteine and complete protease inhibitor) according 
to Knieb et al. (2004). Two times centrifugations were performed to remove cell debris 
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for 5 min and then 20 min at 10,000 g at 4°C, and the supernatant was subjected to 
ultracentrifugation (100,000 g at 4°C for 45 min). After ultracentrifugation, the pellet 
was thawed with 20 μl of 2 × sodium lauryl sulfate (SDS) sample buffer (62.5 mM Tris 
HCl [pH 6.8], 2% SDS, 10% glycerol, 0.01% bromophenol blue) with 10% 
2-mercaptoethanol. The SDS sample was heated at 100°C for 3 min. Then the sample 
was separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (7 % [w/v] 
polyacrylamide). BlueStar Prestained Proteinn Maker (NIPPON Genetics EUROPE 
GmbH) was used as protein molecular standard. Separated poly-peptides were 
electro-blotted onto PVDF membrane (AE-6667; ATTO). After 90 min, the membrane 
was blocked over-night at 4°C with 10 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl and 
0.1 % Tween 20 (T-TBS), containing 0.3 % skim milk (Wako). The membrane was 
incubated with anti-phot1 antibodies at a 1,000- to 5,000-fold diluted in T-TBS for 1 hr 
at room temperature. The anti-rabbit Osphot1 polyclonal antibodies were obtained by 
His-tagged recombinant protein of LOV1 domain (from 1 to 264 of the amino acid 
sequence) or kinase domain (from 709 to 921) of Osphot1a as antigens. Anti-rabbit 
ZmNPH3-like and ZmPGP-like antibodies were constructed against several 
polypeptides of those amino acid sequences as antigens. As a secondary antibody, a 
peroxidase labeled anti-rabbit IgG (H+L) (Vector Laboratories) was used at 30,000-fold 
dilution in T-TBS. The luminescent signals were detected using ECL Prime Western 
Blotting Detection Reagent (GE Healthcare) followed by X-ray film (RX-U; FUJIFILM) 
exposure.  
 
In vitro protein phosphatase treatment of Zmphot1 protein 
LBL or HBL irradiated maize coleoptiles 0-5 mm tips were excised and membrane 
fractions were extracted as same as above. The membrane fractions were incubated for 
30 min at 30°C with Lambda Protein Phosphatase (NEW ENGLAND BioLabs) 
according to the manufacture’s manual. The sample was suspended with 4 × SDS 
sample buffer containing 10% 2-mercaptoethanol and then heated at 100°C for 3 min. 
 
Plasmid constructions 
    Sequence information of ZmPHOT1 and ZmNPH3 are obtained from database and 
a pair of primers for cloning full-length genes were designed with attB1 and attB2 
respectively (Table S3). Complete sequence of these genes were amplified by 
Semi-quantitative RT-PCR (PCR) using Prime STAR GXL (Takara) from cDNA of maize 
coleoptiles obtained as described above and cloned in pDONR/Zeo (Life technologies) by 
BP reaction (Life technologies). After confirming the sequences, each pDONR vectors 
16 
 
were recombined with pGWB505, pGWB560 (Nakagawa et al., 2007) or pGWnY and 
pGWcY (Hino et al., 2011) by LR reaction (Life technologies). 35S::GFP construct used 
to evaluate the sufficient psi, and the size of gold for particle bombardment for maize 
coleoptile was providing from Chiu et al. (1996). 
 
DNA coating with the gold and bombardment condition 
    Constructs obtained as above were used for bombardment. 600 ng of gold particles 
(1.6, 1.0, 0.6 µm) in distilled water (60 ng/µl) per one bombardment were mixed with 1 
µg of plasmid DNA, 2.5 M CaCl₂ (double volume of gold particles and plasmid DNA) 
and shaken for 3 min. Then 0.1 M spermidine (20% of total volume) was added and 
mixed well for 3 min. Centrifugation for 30 sec at 9000 rpm for 1.6 µm, 30 sec at 15000 
rpm for 1.0 µm, 1 min at 15000 rpm for 0.6 µm of gold. The supernatant was removed 
and pellet was suspended and washed with 70% EtOH. The centrifugation was 
performed with same conditions respectively. The pellet discarded supernatant was 
dissolved with 100% EtOH and washed then removed by third centrifugation. 100% 
ethanol was added and the mixture was well diluted by pipetting and vortex. The 
mixture was dropped onto a macrocarrier (BIORAD) which was washed with EtOH 
before using. Bombardment was carried out once the ethanol was evaporated. 
1.5 days old maize seedlings were placed on agar (Wako) plates and bombarded at 
900 psi (pound-force per square inch) or 1100 psi, 6-cm target distance, and 28-27 inches 
of mercury vacuum with protective. The metallic screen (BIORAD) was used between 
the plate and the launch assembly (Frame et al., 2000; Martin-Ortigosa et al., 2014). To 
observe florescent proteins, seedlings were replaced on moist paper towels again until 
next day. The seedlings were observed with an epifluorescence microscope (model BX51; 
Olympus). 
 
 
 
Results 
 
Two phototropins in maize 
    Unilateral blue-light that leads plant to bend toward it is perceived by 
phototropisns, phot1 and phot2 sharing similar sequence and structure (Liscum and 
Briggs, 1995; Christie et al., 1998, 1999; Briggs et al., 2001). In Arabidopsis, Oryza, and 
Pisum, both two types of phototropin genes are reported, but only one PHOT1 in maize 
were annotated previously (Huala et al., 1997; Zacherl et al., 1998; Kanegae et al., 2000; 
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Briggs et al., 2001; Sakai et al., 2001; Jain et al., 2007). Therefore, I performed BLAST 
searches of phototropin genes in maize genome in detail, and found ZmPHOT1 
homologue (accession number: EU955535). The phylogenetic tree shows the gene was 
clustered into phot2 branch, thus I accordingly named the gene ZmPHOT2 and the 
protein Zmphot2 (Fig. 1, 2). The deduced amino acid sequences of ZmPHOT2 gene 
aligned with AtPHOT1, AsPHOT1a, AsPHOT1b, OsPHOT1a, ZmPHOT1, OsPHOT2, 
and AtPHOT2 are shown in Fig. 1. Zmphot1 and Zmphot2 are 101.4 and 100.8 kDa 
protein, containing highly conserved two LOV domains and a serine/threonine protein 
kinase domain similar to phot1 and phot2 proteins as reported in Arabidopsis (Kang et 
al., 2008) and in rice (Kanegae et al., 2000; Jain et al., 2007). The phot1 sequences share 
high similarity in monocots in which Zmphot1 has 79% identity with Osphot1a, 80% 
with Asphot1a and Asphot1b, and 64% with Atphot1. In accordance to that of phot1, 
Zmphot2 shares 76% identity with Osphot2, and 62% with Atphot2 (Fig. 1). 
 
Expression patterns of ZmPHOT1 and ZmPHOT2 are different in coleoptiles and young 
leaves 
    Expression patterns of ZmPHOT1 and ZmPHOT2 genes were investigated by qPCR 
in red-light adopted maize seedlings grown for 2.5 days (Fig. 3). Both ZmPHOT1 and 
ZmPHOT2 were expressed in coleoptiles and young leaves, with higher levels of 
ZmPHOT1 in coleoptiles (Fig. 3B, C). This experiment and Figure 4 confirmed that 
ZmPHOT1 was expressed through entire coleoptiles at least 0-9 mm and not specifically 
at the tip region where is a key position for photo-perception as reported previously 
(Matsuda et al., 2011; Fig. S3). 
 
The expression of ZmPHOT1 is reduced by both LBL and HBL 
    In Arabidopsis and rice, exposure to blue-light caused reduction of PHOT1 and the 
transcript level of PHOT2 increased after the illumination (Jain et al., 2007; Labuz et 
al., 2012). Therefore I irradiated maize seedlings with LBL (0.33 µmol m−2 s−1 for 8 sec) 
and HBL (10 µmol m−2 s−1 continuously), which induce first second positive 
phototropism respectively (Matsuda et al., 2011). In coleoptiles, rapid decrease of 
ZmPHOT1 expression was observed after both LBL and HBL irradiation (Fig. 5A). In 
contrast to ZmPHOT1, ZmPHOT2 changed drastically after neither LBL nor HBL 
irradiation (Fig. 5). In young leaves however, the expression levels of ZmPHOT1 and 
ZmPHOT2 were as low as that of ZmPHOT2 in coleoptiles, and not altered by LBL or 
HBL (Fig. 5B). It is noted here I first demonstrated that even with low-fluence light 
ZmPHOT1 is down-regulated, and the down-regulation of ZmPHOT1 is much faster 
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than previous reports (Jain et al., 2007; Labuz et al., 2012). 
 
Zmphot1 protein distributes abundantly in coleoptiles than young leaves 
    From above findings of distinct ZmPHOT1 regulation in coleoptiles, I speculated 
that the role of Zmphot1 as major blue light receptor for LBL in relation to first positive 
phototropic response. Thus, I first evaluated several anti-phot1 antibodies recognizing 
Zmphot1. An anti-Atphot1 antibody (data not shown) and two anti-Osphot1 antibodies 
detected Zmphot1 (Fig. 6). Due to reaction of anti-Atphot1 antibody with non-specific 
proteins, anti-Osphot1 antibodies were used for following experiments. Two 
anti-Osphot1 antibodies, one is specific for the LOV domain and the other is for the 
kinase domain, could recognize same protein of approximately 101 kDa from 
microsomal fraction of maize seedlings (Fig. 7). The signal was stronger in coleoptiles 
than in young leaves in accordance with its transcription levels (Fig 3, 4). Also relatively 
consistent protein levels were detected 0-3, 3-6 and 6-9 mm region of coleoptiles showing 
similar pattern with ZmPHOT1 expressions (Fig. 3, 4). 
 
HBL causes rapid phosphorylation of Zmphot1. 
    Because phototropins are known to be a blue-light receptors mediating 
phototropism (Briggs, 2014; Liscum et al., 2014), I next investigated the effect of 
blue-light irradiation on Zmphot1 protein changes. HBL irradiation caused rapid 
modification of Zmphot1 within 1 min and continuous irradiation induced the shift 
upped of almost all proteins (Fig. 8B). The λ-phosphatase treatment replaced this band 
shift suggesting that the band shift was due to its phosphorylation (Fig. 9B), while LBL 
did not seem to affect Zmphot1 protein (Fig. 8B, 9A). The detailed analysis was 
demonstrated separating coleoptiles into half with irradiated and shaded side, 
nevertheless, no significant change was observed on Zmphot1 with LBL irradiation. 
HBL irradiation caused shift upped of both irradiated and shaded samples (Fig. 8C). 
 
ZmNPH3-like and ZmPGP-like proteins are specifically distributed at tip of coleoptiles 
    Previously Matsuda and colleagues found that the expression patterns of 
ZmNPH3-like and ZmPGP-like are specifically at tip of coleoptiles, highest levels within 
0-2 mm region (2011). In this study I detected ZmNPH3-like and ZmPGP-like proteins 
are also localized at topmost 0-3 mm of coleoptiles (Fig. 10). These results suggested 
that ZmNPH3-like and/or ZmPGP-like proteins are candidates for tip-specific blue-light 
perception causing IAA redistribution and bending toward light source (Matsuda et al., 
2011). 
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ZmPHOT1-GFP and ZmNPH3-like-RFP are interacted with each other and seems 
located on plasma membrane 
    Since I showed in Fig. 7 and 10, Zmphot1 and ZmNPH3-like protein distribute at 
same coleoptile-tip region, Zmphot1 exists widely whereas ZmNPH3-like is mainly 
detected at the tip. These proteins might interact in the cell as reported in Arabidopsis 
(Motchoulski and Liscum, 1999; Liscum et al., 2014). To clarify their interaction, I 
amplified both genes by RT-PCR using cDNA from maize coleoptiles, and fused with 
fluorescent protein genes under the control of 35S promoter in pGWBs vectors 
(Nakagawa et al., 2007; 2008; Tanaka et al., 2012). Because it takes long time to obtain 
the transgenic maize, I used the particle bombardment method to introduce vectors into 
maize coleoptiles. To carry out the particle bombardment analysis, I first evaluated the 
size of gold, psi and target distance by bombarding 35S::GFP into coleoptile tissues (Fig. 
11). Constructs were then bombarded into coleoptiles using the best condition. Similar 
to Atphot1 and AtNPH3, Zmphot1 and ZmNPH3-like seemed to be associated on plasma 
membrane in maize coleoptiles (Fig. 12). Nevertheless, because of its thickness, clear 
interactions were not observed. Thus, I bombarded same constructs into onion 
epidermal cells with same condition except the pressure at 1100 psi. Figure 13 shows 
that both proteins are localized closed to plasma membrane. Moreover, a direct 
interaction between Zmphot1 and ZmNPH3-like were confirmed by bimolecular 
fluorescent complementation (BiFC). The yellow fluorescent signal was observed on 
plasma membrane when Zmphot1 and ZmNPH3-like were co-expressed (Fig. 13C) 
 
 
 
Discussion 
 
    In this study, I first characterized ZmPHOT2 from the maize genome database. 
From the sequence analyses, the protein encoded by ZmPHOT2 belongs to the plant 
phot2 clade (Fig. 1, 2). Both Zmphot1 and Zmphot2 contain two highly conserved LOV 
domains and a serine/threonine protein kinase domain, similar to phot1 and phot2 
proteins in Arabidopsis and various other plants (Kang et al., 2008; Okajima et al., 
2014). Not only work in phototropism, also phototropins in Arabidopsis are known to be 
involved in stomatal opening (Kinoshita et al., 2001), hypocotyl growth (Folta and 
Spalding 2001), chloroplast movement (Sakai et al., 2001), cotyledon and leaf blade 
expansion, flatting, and positioning in response to blue-light (Sakamoto and Briggs, 
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2002; Ohgishi et al., 2004; Takemiya et al., 2005; Inoue et al., 2008; Han et al., 2013). 
Light-induced chloroplast rearrangements have been reported in maize leaves (Inoue 
and Shibata 1973), suggesting the involvement of Zmphot1 and Zmphot2 in chloroplast 
accumulation and avoidance responses in maize. It is also possible that maze harbors 
other phots in their genome. Detailed investigations such as analysis by RNA-seq are 
required.  
Previous reports have shown that PHOT1 and PHOT2 gene expressions are 
regulated at the transcription level by various types of light irradiation. In etiolated 
Arabidopsis seedlings, continuous HBL (10–40 µmol m−2 s−1) or white light (75–120 
µmol m−2 s−1) irradiation for 1.5–6 h decreased AtPHOT1 mRNA levels by 
approximately 20–50%, while AtPHOT2 expression increased more than 3-fold after 
continuous HBL exposure (Kang et al., 2008; Labuz et al., 2012). In dark-grown rice, 
similar transcriptional regulation of OsPHOT1 and OsPHOT2 are also reported. 
OsPHOT1 was down-regulated by continuous white light and HBL (10 µmol m−2 s−1) 
irradiation, whereas OsPHOT2 transcription levels arose by these light stimuli 
(Kanegae et al., 2000; Jain et al., 2007). In my study, only ZmPHOT1 mRNA was rapidly 
down-regulated in the coleoptile, even with LBL irradiation (Fig. 5). This response is 
faster and more sensitive to low fluence blue-light than previous reports in rice or 
Arabidopsis. Atphot1 is proposed to control phototropism through a wide range of 
blue-light intensities, whereas phot2 is thought to only mediate response to 
high-intensity blue light (Kagawa et al., 2001). This difference is determined by the 
N-terminal moieties of the phototropin structures (Aihara et al., 2008). It is possible 
that Zmphot1 perceives very low-fluence blue-light and somehow the signal causes 
down regulation of its transcription. While monocot coleoptiles are well used for 
studying phototropism (Briggs et al., 1957; Neumann and Iino, 1997), no direct evidence 
that phot1, either alone or with phot2, acts as a blue-light receptor for phototropism in 
monocot was published. Because Zmphot1 protein mainly existed in coleoptile tissues 
(Fig. 7), Zmphot1 might have important role for first positive phototropic curvature 
induced by LBL in maize coleoptiles. 
PHOT1 mRNA and/or phot1 localization has been reported to be specific at tip 
region in relation to the photo-perception site of coleoptiles of rice (Jian et al., 2007) and 
maize (Fuchs et al., 2003). However, in their experiments, only the longer tip region (e.g., 
0–5 mm of the maize coleoptile) was compared with the below. In contrast, Matsuda and 
her colleagues investigated each 1-mm section of the uppermost 12-mm of maize 
coleoptile. They demonstrated that ZmPHOT1 was expressed relatively evenly along 
the coleoptile though the unilateral blue-light sensitive site was restricted to the top 3 
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mm (Matsuda et al., 2011). In this study I also confirmed the expression pattern of 
ZmPHOT1 and ZmPHOT2 are not restricted at tip of coleoptiles (Fig. 3, 4), as well as its 
protein levels (Fig. 7B). Similar phototropin distributions were also reported in 
Arabidopsis. Atphot1 is expressed in entire seedlings (Sakamoto and Briggs 2002; 
Preuten et al., 2013) or gradually decreases toward the bottom of the hypocotyl 
(Yamamoto et al., 2014). These data suggests that some other factor(s) determine the 
tip-specific unilateral blue-light perception leading to IAA re-localization in both 
monocots and dicots. NPH3 is a candidate for the responsible factor. In Arabidopsis, 
AtNPH3 was known to localize on plasma membrane interacting with Atphot1 and was 
dephosphorylated by Atphot1 dependent on blue-light (Liscum and Briggs, 1995; 
Motchoulski and Liscum, 1999; Lariguet et al., 2006; Pedmale and Liscum, 2007). 
Although detailed function of NPH3 is still lacking in our knowledge, AtNPH3 is 
thought to act downstream of Atphot1 (Liscum and Briggs, 1995; Motchoulski and 
Liscum, 1999). Another study also supported the involvement of NPH3 in phototropism. 
Matsuda et al. (2011) also showed that the expression levels of ZmNPH3-like are higher 
in tip of coleoptiles where is necessary for phototropism (2011; Fig. S3). Here, I detected 
higher signal of ZmNPH3-like protein at 0-3 mm from top of coleoptiles (Fig. 10) 
indicating the region where harbors NPH3 is necessary for blue-light perception and 
following signal transduction to cause phototropism. In present study, I demonstrated 
the interaction between Zmphot1 and ZmNPH3-like (Fig. 13) speculating similar roles 
of them to their orthologues in Arabidopsis. It is also possible that one of IAA 
transporters, B19 is responsible for this local event. AtB19 is reported as a 
membrane-associated protein, interacting with Atphot1, and directly phosphorylated by 
Atphot1 activated with blue-light (Noh et al., 2003; Nagashima et al., 2008b; Chiristie 
et al., 2011). As shown in Fig. 10, ZmPGP-like protein is abundant at 0-3 mm of 
coleoptiles, likely to determine the key site in coleoptiles for phototropic responses. In 
Arabidopsis, the importance of AtPKSs in phototropism is documented from several 
groups (Lariguet et al., 2006; de Carbonnel et al., 2010; Demarcy et al., 2012; Kami et 
al., 2014). The involvement of ZmPKSs in phototropism is not eliminated, so related 
investigations are required in near future. 
Blue-light caused rapid phot1 modification, mainly auto-phosphorylation in 
numerous monocot and dicot plants (Reymond et al., 1992; Hager et al., 1993; Salomon 
et al., 1997a; Knieb et al., 2004; Sakamoto and Briggs 2002). The movement of Atphot1 
from the plasma membrane to cytoplasm has also been reported (Sakamoto and Briggs 
2002; Knieb et al., 2004; Wan et al., 2008). Many of these studies were performed using 
continuous HBL irradiation, however, phototropism includes several responses, mainly 
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first positive and second positive phototropism (Whippo and Hangerter 2006; Haga and 
Sakai, 2012; Briggs, 2014). In maize coleoptiles, first positive phototropic curvature is 
observed with very low fluence pulsed blue-light (Iino 1988). The effects of very low light 
fluence on in vitro and in vivo phot1 phosphorylation in relation to phototropic 
curvature have been less investigated. Maize coleoptiles grown in total darkness 
(Palmer et al. 1993) and oat coleoptiles grown in darkness and additional dim red light 
for 16 h (Salomon et al. 1997a, b) are studied. At very low unilateral blue-light fluence 
levels similar to our pulsed LBL, no phosphorylation in both maize and oat occurred. In 
this study with red-light adapted maize coleoptiles, while continuous HBL caused rapid 
phosphorylation of Zmphot1. When coleoptiles were irradiated with HBL for 10 min, 
almost all proteins were phosphorylated (Fig. 8B and 9B) being similar to Atphot1 in 
Arabidopsis (Sakamoto and Briggs 2002; Kong et al., 2006; Christie and Murphy 2013). 
Because red-light treatment is known to inhibit the movement of phot1 from plasma 
membrane to cytosol (Han et al., 2008) and enhance the phototropic responses, the 
red-light adopted maize coleoptile, I used in the experiments, is effective to observe the 
phototropic curvature (Matsuda et al., 2011). However similar to previous two reports, 
no significant changes in amounts or phosphorylation levels of Zmphot1 were observed 
between irradiated and shaded sides of coleoptiles (Fig. 8C). As mentioned above, rapid 
phosphorylation and movement of phot1 after HBL irradiation has been well 
documented in many plant species, nevertheless, the effects of LBL irradiation on phot1 
has not been reported well. Christie and Murphy (2013) presented a hypothesis for 
fluence-dependent phototropic curvature with first positive, neutral zone, and second 
positive responses in their review, referencing Salomon et al. (1997b) (Fig. S1). As they 
mentioned, the fluence for the detectable phosphorylation is less sensitive than for first 
positive phototropism (Christie and Murphy, 2013; Briggs et al., 2014; Fig. S1B). It is 
thus also possible that phot1 auto-phosphorylation occurs partially and/or rapidly upon 
LBL irradiation, and that the signals are immediately transmitted to other tip 
region-specific components such as ZmNPH3-like and ZmPGP-like proteins (Fig. 10, S3). 
In the present study, I found the possibility that Zmphot1 and ZmNPH3-like proteins 
bind each other and co-localize on the plasma membrane. Thus, I speculate that studied 
on the changes of these proteins, like protein modification, cellar localization, induced 
by LBL irradiations will provide some knowledge to understand LBL-induced first 
positive phototropism. In addition, investigation on phototropism related components, 
such as Zmphot1, ZmNPH3- like, ZmPSKs, and ZmPGP-like, focusing on the site of 
light perception and IAA movement during curvature are further needed (Christie and 
Murphy 2013; Preuten et al. 2013; Hohm et al. 2013; Goyal et al. 2013; Yamamoto et al. 
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2014;Fig. 14). 
In the study of Matsuda et al (2011), unilateral pulsed LBL irradiation induced first 
positive phototropic curvature in maize coleoptiles, and that the LBL perception site is 
restricted to the top 0–3 mm of the coleoptile. Additionally, they detected differential 
IAA distribution in the same tip region within 20 min after LBL stimulation. These 
results strongly indicate that the blue-light perception occurs at top 0–3-mm of maize 
coleoptile, with resultant IAA redistribution occurring at same region. Another 
tip-specific event is the IAA biosynthesis (Mori et al. 2005; Nishimura et al. 2009). 
Supporting by several works, it seems to take place at the same tip region in which 
genes of the key enzyme for IAA biosynthesis, ZmYUCCAs are specifically expressed 
similar to ZmNPH3-like and ZmPGP-like (Nishimura et al., 2014; Fig. S3). In 
Arabidopsis, recently, Yamamoto et al. (2014) demonstrated that both light perception 
and actual bending occur in the topmost (about 1.1 mm) portion of the hypocotyl. 
Although details of the IAA biosynthesis site and IAA movement in the Arabidopsis 
hypocotyl are still obscure, these results suggest that the basic mechanisms mediating 
phototropic curvature may be conserved in angiosperms. 
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Part II 
 
An analog of 2,4-dichlorophenoxyacetic acid potentially inhibits 
indole-3-acetic acid influx in Arabidopsis thaliana 
 
 
 
Abstract 
 
Chemical compounds that inhibit IAA signaling, transport or biosynthesis, have 
provided many aspects of insight in elucidation to the role of IAA in plant physiology. 
1-Naphtoxyacetic acid (1-NOA), an analog of synthetic auxin 1-N-naphtalene acetic acid 
(NAA), is an inhibitor for IAA influx carriers. However, due to its structural similarity 
for NAA, 1-NOA exhibits auxin activity at high concentration. In contrast, using a 
chemical biology approach with maize coleoptile, 7-B3 (ethyl 2-[(2-chloro-4-nitrophenyl) 
thio] acetate), an analog of 2,4-dichlorophenoxy acetic acid (2,4-D), had been screened as 
a candidate of inhibitor for IAA influx carriers (Matano, Master Theses, 2012). Matano 
showed that, in his preliminary experiments, 7-B3 exhibited slight effects on IAA 
transport as well as tropic curvature in maize coleoptiles, as 1-NOA exhibited. Using 
Arabidopsis seedlings, he also demonstrated that 7-B3 inhibits IAA and 2,4-D 
incorporation into the cell. In Part II, I conducted detailed characterization of 7-B3, by 
observing phenotypes of 7-B3 treated Arabidopsis etiolated seedlings. I confirmed that 
both 1-NOA and 7-B3 showed inhibition on the effect of IAA and 2,4-D, and no 
alternation on the effect of NAA indicating 7-B3 is a potent inhibitor of IAA influx. At 
high concentration, 1-NOA exhibited auxin activity, while 7-B3 did not. It is notably 
that 7-B3 inhibited apical hook formation in the etiolated seedlings more effectively 
than 1-NOA. These results suggested that 7-B3 exhibits almost no effect on IAA efflux 
and auxin signaling possibly with different mechanism from 1-NOA.  
Auxin influx carriers are known to mediate local indole-3-acetic acid (IAA) 
distribution that involves many processes of plant development, lateral root initiation, 
vascular formation and phototropism in Arabidopsis. Thus, I hypothesized that 
asymmetric IAA distribution at the tip region of coleoptiles after the blue-light 
irradiation is caused by activity of IAA influx proteins. Here I propose that 7-B3 will be 
a good tool to investigate this IAA formation and following curvature. 
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Abbreviations 
 
B19: ATP BINDING CASSETTE B19 
BFA: Brefeldin A 
CBB: Coomassie brilliant blue 
GC-MS: Gas chromatography-mass spectrometry 
GUS: β-Glucuronidase 
HBL: High-fluence blue light  
IAA: Indole-3-acetic acid 
LBL: Low-fluence blue light 
NAA: 1-N-naphtalene acetic acid 
NPA: 1-N-naphthylphthalamic acid 
NPH3: NONPHOTOTROPIC HYPOCOTYL3 
PIN: PIN-FORMED 
PID: PINOID 
PKS: PHYTOCHROME KINASE SUBSTATE 
RTP2: ROOT PHOTOTROPISM2 
1-NOA: 1-naphtoxyacetic acid 
2,4-D: 2,4-Diclorophenoxyacetic acid 
7-B3: Ethyl 2-[(2-chloro-4-nitrophenyl)thio]acetate 
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Introduction 
 
Auxin is known to work at various aspects, plant development, cell elongation, and 
responses to environmental stimuli such as, gravity and light (Woodward and Bartel, 
2005; McSteen, 2010). Among these phenomena, studies about phototropism led us to 
identify native auxin, indole-3-acetic acid (IAA) (Thimann and Went, 1934; see Christie 
and Murphy, 2013). In present, our knowledge improved to elucidate the IAA 
biosynthesis path way, from tryptophan (Trp) via indole-3-pyruvic acid (Stepanova et al., 
2008; Tao et al., 2008; Sugawara et al., 2009; Zhao et al., 2010; Mashiguchi et al., 2011; 
Nishimura et al., 2014). IAA synthesized at specific tissue is transported to target tissue 
via complex delivery mechanism known as polar IAA transport mediated by some IAA 
transporters (Friml et al., 2003; Grunewald and Friml, 2010; Zadnikova et al., 2010; 
Zazimalova et al., 2010; Kubes et al., 2012). This transport system is necessary for IAA 
to regulate many physiological processes and events. There are experimental evidences 
that some proteins in ATP-BINDING CASSETTE subfamily, AUXIN-RESISTANT1/ 
LIKE AUX1 (AUX1/LAX) proteins and PIN-FORMED proteins (PINs), are involved in 
phototropism. As mentioned in Part I, lacking AtB19 (ATP-BINDING CASSETTE B19) 
function caused enhanced phototropism (Nagashima et al., 2008). AtB19 is also 
observed as interacted with Atphot1 (Chiristie et al., 2011). The reduced hypocotyl 
phototropism is reported in aux1 mutant (Stone et al., 2008) and severely in aux1 lax2 
lax3 triple mutant (Chritie et al, 2011). AtPIN3 is reported to play essential role in 
phototropism and gravitropism (Friml et al., 2002; Ding et al., 2011; Rakusova et al., 
2011). Ding et al (2011) proposed that the down-regulation of AtPID (PINOID) 
transcriptional levels mediated by phototropin caused asymmetric localization of 
AtPIN3 protein. However in the different experimental conditions, Haga and Sakai 
(2012) could not detect reduced AtPID mRNA. Nevertheless they showed that 
pulse-induced first positive phototropism is severely impaired in pin1, pin3 and pin7 
mutant but not in continuous-light induced second positive phototropism indicating 
AtPIN1, AtPIN3 and AtPIN7 are necessary for at least first phototropism. As their 
conclusion, phototropic responses are regulated by distinct mechanisms; a 
PIN-dependent mechanism in which transient stimulation is enough to establish the 
phototropism, and a PIN-independent mechanism in which continuous stimulation is 
required. 
    In contrast to that of Arabidopsis, little is known how the asymmetric IAA 
distributions occur when the coleoptile perceive the unilateral blue light. Matsuda et al. 
(2011) investigated the effects of simultaneous 1-N-naphthylphthalamic acid (NPA) and 
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auxin applications to the coleoptile tip region. They confirmed the application of NPA to 
the top 0-2 mm region completely inhibited phototropic and gravitropic curvature. 
However an additional treatment of auxin at lower 4-5 mm region restored only 
gravitropic curvature, not phototropic curvature. These results suggested that the 
formation of asymmetric IAA distribution occurs at the very tip part after the 
photo-stimulus and widely through the coleoptile after the gravi-stimulus. Also it is 
likely that ZmPINs are involved in phototropic responses as suggested in Arabidopsis 
(Friml et al, 2002; Ding et al, 2011; Rakusova et al, 2011) however, according to several 
reports, the expression pattern of ZmPINs are not specific at the tip region of coleoptile 
where is the site of blue light perception (Nishimura et al., 2009; Matsuda et al., 2011). 
In contrast, one of the maize ATP-BINDING CASSETTE (ABC) proteins, which has 
similar sequences to AtB7, 9, 19 (Matsuda et al, 2011) is expressed within top 0-2 mm 
specifically. Pang and colleague presented the complete inventory and general 
description of ABC proteins in maize (2013). According to their classification, 
ZmPGP-like reported in Matsuda et al (2011) is named ZmABCB17 and seemed 
monocot specific. 
Pharmacological studies using IAA transport inhibitors have provided much 
information about IAA transporters both influx and efflux. NPA is an inhibitor of auxin 
efflux carriers (Morris et al., 2000). Brefeldin A (BFA) inhibits vascular trafficking 
including PINs (Geldner et al., 2003; Richter et al., 2007) and Atphot1 protein (Kaiserli 
et al., 2009). 1-NOA (1-naphtoxyacetic acid) has a similar structure to the synthetic 
auxin, 1-N-naphtalene acetic acid (NAA) (Imhoff et al., 2000) and it was reported that 
treatment of 1-NOA exhibits phenocopied the aux1, one of IAA influx carries, mutant 
(Parry et al., 2001). 
 In previous studies using maize coleoptiles, Nishimura et al. (2012) screened 
10,000 chemicals (HitFinder 10000, Maybredge Chemicals) and found 18 candidates for 
IAA transport inhibitors. Eight chemicals of among them were reported as IAA efflux 
inhibitors in their reports. The other 10 compounds showed slight effects on IAA 
transport in maize coleoptiles even at the higher concentrations. Among these 
chemicals, the structural similarity of 7-B3 (Ethyl 2-[(2-chloro-4-nitrophenyl)thio]- 
acetate) to that of 2,4-D (2,4-Diclorophenoxyacetic acid) (Matano, Master Theses, 2012; 
Fig. 1), let us speculate that this compound could inhibit IAA influx (Fig. 1). Because 
1-NOA has a potential to exhibit auxin activity due to its similarity to NAA, also shows 
inhibition on IAA efflux (Lankova et al., 2010), I first evaluated the effects of 7-B3 on 
Arabidopsis seedlings comparing to 1-NOA in the Part II. As results, 7-B3 inhibited IAA 
influx in roots and etiolated shoots of Arabidopsis (Fig. S1, S2). IAA influx carriers are 
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known to be involved in the formation of local IAA maxima including phototropism 
mentioned above. Thus, I hypothesized that asymmetric IAA distribution at the tip 
region of coleoptiles after the blue-light irradiation is caused by the activity of IAA 
influx proteins, and 7-B3 might affect this IAA formation and following curvature. 
 
 
 
Materials and methods 
 
Plant materials and growth conditions 
    Zea mays were gown as described in Part I. Arabidopsis thaliana used in this study 
were Col-0 and DR5::GUS transgenic plants of Col-0 background. Seeds were sterilized 
with 10% sodium hypochlorite solution (w/v) and stratified in sterile water for 4–6 days 
at 4°C in darkness. To assay growth on agar plates, seeds were sown and grown 
vertically in 8-well plates (7 seeds/well) on half-strength of Murashige and Skoog Plant 
Salt Mixture (Wako) medium (pH 5.8, containing 1% bacto agar; Becton, Dickinson and 
Company) with or without addition of 1-NOA, 7-B3, or auxin. Seedlings were grown 
under a 16 hrs light/8 hrs dark photoperiod at 22°C for 5 days. To assay etiolated 
seedlings, plates were wrapped with aluminum foil and incubated in the dark at 22°C 
for 4 days. 
 
Chemical screening and IAA transport assay using maize coleoptiles 
Following the methods described in Nishimura et al. 2012, the chemical screening 
of 10000 compounds (HitFinder, Maybridge Chemicals) was performed using a maize 
coleoptile gravitropism bio-assay. As same as written in unilateral blue-light irradiation 
method, 2-cm coleoptile segments were excised. Each chemical was dissolved in 10 mM 
KPB (pH 6.8) and applied to the inner surface of coleoptile approximately 0–2 mm from 
the tip. Then, the base of each coleoptile was clamped into 1% agar (Wako) and put 
horizontally. After 3 hrs, the gravitropic curvature was measured as described 
previously (Nishimura et al, 2009; 2012) Using same method, NPA, 1-NOA, and 7-B3 
were applied to the inner surface of coleoptile tips (0–2 mm) and then the 3-mm tips 
were incubated on agar blocks for 90 min. The amounts of IAA in the tips and agar 
blocks were determined by GC-MS.  
 
DR5::GUS reporter assay 
Arabidopsis seedlings were grown on vertical agar plates for 6 days to observe the 
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effects of short-term treatments on DR5::GUS activity in roots. The seedlings were 
transferred into 10 mM KPB (pH6.8) containing NPA, 1-NOA, or 7-B3 with or without 
0.1 μM IAA, 1 μM NAA, or 0.5 μM 2,4-D and incubated for 7 hrs. After the incubation, 
seedlings were washed with GUS staining buffer (100 mM sodium phosphate, pH 7.0, 
10 mM EDTA, 0.5 mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, and 0.1% Triton X-100) and 
incubated in GUS staining buffer containing 1 mM 5-bromo-4-chloro- 3-indolyl 
β-Dglucuronide (Wako Pure Chemicals) at 37°C. When the sufficient staining was 
observed, seedlings were washed with 70% ethanol and observed by microscopy (See 
Microscopy below). For long-term treatments, DR5::GUS seedlings were grown 
containing 1-NOA or 7-B3 for 5 days, and then stained with GUS staining buffer as 
described above. 
 
Microscopy 
GUS stained Arabidopsis seedlings were photographed using a stereomicroscope 
(M420, Leica) equipped with a digital camera (DP50, Olympus).  
 
 
 
Results 
 
7-B3 has no auxin activities at high concentration 
    NAA and an protonated IAA (IAAH) can passively enter the cell by diffusions 
whereas another synthetic auxin, 2,4-D requires influx carries to go into the cell. In 
contrast, almost all IAA exist in its ionized form (IAA-) inside the cells which need 
carrier proteins to move out of the cell. NAA also moves out of the cell by efflux carries. 
2,4-D inside the cell can diffuse out of the cell (Rubery and Sheldrake, 1974; Delbarre et 
al., 1996; Zazimalova et al, 2010). Using these differences, I investigated the effect of 
7-B3 on auxin influx with my corroborator suggesting that 7-B3 reduced auxin influx 
activities (Fig. S1, S2). 1-NOA has been reported to be an inhibitor for IAA influx 
(Imhoff et al, 2000) and also has an impact on the auxin efflux activities (Lankova et al, 
2010). I thus investigated effects of 1-NOA and 7-B3 at high concentrations. Because 
1-NOA has a weak effect at low concentrations Interestingly, 1-NOA induced expression 
of GUS in DR5:GUS lines as well as NAA did, whereas similar results to control was 
observed when the seedlings were treated with 7-B3 (Fig. 2). These results indicated 
1-NOA might affect IAA efflux activity or exhibit auxin activity. 
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7-B3 inhibits apical hock formation efficiently 
IAA influx carriers, such as AtAUX/LAXs, play important roles in apical hook 
formation in etiolated Arabidopsis seedlings (Zazimalova et al., 2010; Leyser., 2011; 
Swarup and Peret, 2012). The AtLAX3 gene is expressed in the hypocotyl and lax3 
mutant showed an open-hook phenotype (Vandenbussche et al., 2010). Vandenbussche 
et al (2010) also showed that treatment of 1-NOA inhibits apical hook formation. 
Therefore, I investigated whether 7-B3 alters apical hook formation (Fig. 3). To test 
effects of these chemicals on the apical hook formation, I used 1-50 µM of 1-NOA and 
1-10 µM of 7-B3 as their effective concentrations (Fig. S3). Treatments with 2,4-D or 
NPA clearly inhibited apical hook formation with higher induction of DR5::GUS 
staining in cotyledons. These findings indicated that auxin itself or inhibitors of IAA 
efflux affect the apical hook formation resulting accumulated auxin in the cotyledon. At 
low concentrations (1–5 µM), 1-NOA slightly altered apical hook formation however, at 
high concentration of 1-NOA (50 µM) inhibited apical hook formation completely with 
strong up-regulation of DR5 expression in the cotyledons. It is interesting that the high 
concentration of 1-NOA inhibited the apical hook formation with high GUS staining. 
Compared with 1-NOA, 7-B3 (5 µM) clearly repressed apical hook formation, but did not 
induce the GUS staining. This is notably that 7-B3 may inhibit apical hook formation 
without affecting DR5:GUS expression. Also, 7-B3 exhibited a stronger inhibition than 
that of 1-NOA on IAA influx in etiolated Arabidopsis seedlings. Several inhibitors 
decrease GUS expression, such as inhibitors against auxin receptor, TIR1/AFBs 
(Hayashi et al., 2008). The seedlings treated with 7-B3 showed GUS staining restricted 
at the tip of cotyledons similar to the control indicating that 7-B3 did not block auxin 
signaling in etiolated Arabidopsis seedlings (Fig. 3B). This is also supported by the 
results in root, both 7-B3 and 1-NOA did not affect GUS expression when it is treated 
with NAA (Fig. S2). 
 
 
 
Discussion 
 
    In the past decade, studies using mutants have been providing us a huge 
knowledge. In addition, recently chemical biology has been used and fascinated us, such 
as fluorescent auxin (Hayashi et al., 2014), YUCASIN; an inhibitor for YUCCA, gene of 
IAA biosynthesis (Nishimura et al, 2014). It is another powerful approach to clarify the 
processes, may be more intractable than genetic approaches because plant often harbors 
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redundant genes. Various chemical libraries are now available to identify new inhibitors. 
Gravacin was identified as an inhibitor of AtB19 from the screening of chemicals that 
inhibit gravitropism (Rojas-Pierce et al., 2007). Recently Cho et al. also reported 
5-nitro-2-(3-phenylpropylamino)-benzoin acid (NPPB) as an inhibitor of B19 (2014) 
L-Kynurenine, a Trp analog, was found from a chemical library as a potent inhibitor of 
TAA1/TARs in Arabidopsis (He et al., 2011). Among the chemical screenings, a suitable 
analysis is required to screen the chemical from libraries. Here I demonstrated the 
method using maize coleoptiles system which is first reported by Nishimura et al (2012) 
are appropriate to identify novel IAA transport inhibitors and biosynthesis inhibitors 
(2014). 
  7-B3 (ethyl 2-[(2-chloro-4-nitrophenyl)thio]acetate) was identified as an IAA 
transport inhibitor by screening of chemicals using a maize coleoptile system. The 
previous results by Matano (Master theses, 2012) was suggested that this compound 
had only minor effects on polar IAA transport in maize. In contrast, 7-B3 inhibited the 
incorporation of IAA and 2,4-D into cells in Arabidopsis roots and etiolated hypocotyls 
(Fig. S2). Also it altered apical hook formation without affecting IAA efflux and/or IAA 
signaling where as high concentrations of 1-NOA affected both IAA efflux and/or IAA 
signaling (Lankova et al., 2010; Fig. 3). These results indicate that 7-B3 inhibits IAA 
influx, but does not affect auxin induced gene expression, likely because of the different 
mechanism of action from 1-NOA (Fig. 4). Therefore, it will be a useful tool in researches 
on IAA physiology such as phototropism. The experiments measuring LBL-induced 
phototropic curvature of maize coleoptiles treated with or without 7-B3 are now working 
on (data not shown). Further experiments are required for supporting. It is also 
necessary for determining the effect of 7-B3 on IAA influx carrier proteins directly such 
as using culture cell systems. 
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Fig. S1 Stylized representation of major historical experiments that led us to the 
discovery of auxin and its role in phototropism from Christie and Murphy (2013)  
A. Darwin’s experiments indicating the importance of tip region of monocot coleoptiles in 
phototropism. The removing or covering tip inhibited phototropism, whereas normal 
response was induced when the lower parts of coleoptile is covered.  
B. Boysen-Jensen’s experiments showing that Darwin’s proposed ‘some influence’ could 
diffuse through an agar block from the tip. Inserting a thin piece of mica at shaded side 
prevented phototropism. 
C. Went’s bioassay for auxin showing that the Darwin’s ‘some influence’ can diffuse into 
an agar block. The agar containing ‘some influence’ promote bending when it is placed 
unilaterally on the top of the coleoptile which is removed tip. 
D. Briggs’ experiments demonstrating that unequally IAA accumulation occurs in response 
to unilateral light irradiation. When a thin glass barrier is inserted between the irradiated 
and shaded side, IAA diffuse equally into the agar block below. Lowering the barrier at the 
tip causes in a net increase of IAA at the shaded side. 
[Christie and Murphy, (2013), modified] 
. . 
. 
. 
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Fig. S1 Fluence-response curve for phototropism and phosphorylation levels of 
phototropin 
A. Three types of curvatures, first positive, no curvature (neutral zone) and second 
positive phototropisms are resulted an increase of fluence. A schematic model proposed 
by Salomon et al. (1997) which different curvatures depend on the formation of a lateral 
gradient of protein phosphorylation across the coleoptiles is also shown. 
B. Comparison of blue-light fluence levels that stimulate first positive phototropic 
curvature with those that stimulate detectable phosphorylation. The curvature data are 
from Baskin (1986) in maize coleoptiles (dotted line). Relative phosphorylation levels at 
these same fluences are represented by the solid line. 
[Christie and Murphy, (2013), modified] 
A. 
B. 
[Palmer et al., (1993), modified] 
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Fig. S2 Early phototropic signaling related proteins from Goyal et al. (2013) 
(i) PKS1 interacts with phyA, phot1, and NPH3 at the plasma membrane. NPH3 binds to 
CUL3-based SCF complexes and is involved in ubiquitinylation of phot1. (ii) Phot1 and 
phytochromes are involved in regulating PKS4 phosphorylation. 
(iii) Phot1 inhibits ABCB19 activity via its phosphorylation.  
(iv) Phytochromes promote the expression of genes involved in phototropism (such as; 
IAA19, PKS1, and RPT2) By contrast, downlagulate the levels of ABCB19. 
[Goyal et al.,  (2013), modified] 
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Gene Forward Reverse 
ZmPHOT1 5’ CCACGGTCATTGTCAG 3’ 5’ CTTCCCTTGGTTTTAGAATG 3’ 
ZmPHOT2 5’ CAAGTAGCATTCCGGTTAGTCC 3’ 5’ CAACCTGCCCTTAAAATGTCTC 3’ 
Ubiquitin 5’ TAAGCTGCCGATGTGCCTGCGTCG 3’ 5’ CTGAAAGACAGAACATAATGAGCACAG 3’ 
Table S2 List of primers used for qPCR analyses 
Table S3 List of primers used for cloning 
Gene Forward Reverse 
ZmPHOT1 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCT 
CCATGGCTTTCAAAGGACTCCCG 3’ 
5’ GGGGACCACTTTGTACAAGAAAGCTGGGT 
CGAACATATCGGTGTGAGCCG 3’ 
ZmNPH3-
like 
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCT 
CCATGAAGTTCATGAAGCTGGGCT 3’ 
5’ GGGGACCACTTTGTACAAGAAAGCTGGGT 
CTGAAACAGAGTACCTCCTGTTCCTA 3’ 
Red characters; specific sequence for att1B1 and attB2 
Table S1 Key players in phototropism from Goyal et al. (2013) 
Part I 
47 
Fig. 1 Comparison of deduced amino acid sequences of Atphot1, Asphot1a, Asphot1b, 
Osphot1a, Zmphot1, Atphot2, Osphot2, and Zmphot2 
The shaded areas represent amino acid regions conserved among more than five 
phototropins. The location of LOV1, 2 domain are indicated by red lines, and the protein 
kinase domain by a blue dashed line. Red stars; cysteine positions, the FMN-binding site, 
red arrows; serines, the putative phosphorylation sites. Atphot1 is shown in gray, 
Zmphot1 and corresponding amino acids in other phot1s are in yellow, those of Zmphot2 
and other phot2s are in blue. 
[Suzuki et al., (2014), modified] 
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Fig. 2 Phylogenetic analysis of amino acid sequences of phototropin proteins 
 The optimal tree with sum of branch lengths = 1.09761674 is shown. Phototropin genes 
from Arabidopsis thaliana, Avena sativa, Oryza sativa, and Zea mays are used. The 
percentage of replicate trees in which the associated taxa clustered together in the 
bootstrap test (500 replicates) is shown next to each branch. The tree is drawn to scale, 
with branch lengths in the same units as the evolutionary distances used to infer the 
phylogenetic tree. There were a total of 826 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA5 (Tamura et al. 2011). 
[Suzuki et al., (2014), modified] 
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Fig. 3 Expression levels of ZmPHOT1 and ZmPHOT2 in maize coleoptiles and younger 
leaves 
A. Photos of the maize coleoptile and young leaves of 2.5-day-old seedling. 
B. and C. Total mRNA was obtained from each 0-3 (apical), 3-6 (middle) and 6-9 mm 
(basal) section of coleoptiles and young leaves of 2.5-day-old red-light adapted maize 
seedlings. qPCRs were performed in biological triplicate with two technical replicates, and 
expression levels were normalized to that of ZmUbiquitin. Values are means ± SE. White 
bar: ZmPHOT1; black bar: ZmPHOT2.  
B. Coleoptiles C. Young leaves 
A. Photos of etiolated maize coleoptile and young leaves  
[Suzuki et al., (2014), modified] 
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Fig. 4 Expression patterns of ZmPHOT1 and ZmPHOT2 in coleoptiles 
A. The experimental condition are shown as a scheme. 
B. Each 1 mm sections from top of coleoptile to 5 mm were harvested. qPCRs were 
performed in biological triplicate with two technical replicates, and expression levels were 
normalized to that of ZmUbiquitin. Values are means ± SE. (n=3) 
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Fig. 5 Effects of blue-light irradiation on ZmPHOT1 and ZmPHOT2 expression in coleoptiles 
and young leaves 
Red-light adapted 2.5-day-old maize seedlings were irradiated with unilateral blue light and 
incubated for the indicated times. mRNA was extracted from 0–5 mm region of coleoptiles (A) 
and young leaves (B).  
qPCR was performed with three or more biological replicates and two technical duplicates, and 
values are means ±SE. 0 min refers to the period just before irradiation. Symbols indicate the 
statistical significance of the difference between non-irradiated and irradiated samples 
incubated for the given time. * or +: P = 0.01–0.05, **, ++; P = 0.01–0.001, ***, +++; P < 0.001, * 
(LBL) and + (HBL) 
LBL: Low-fluence blue light (0.33 µmol m−2 s−1 × 8 sec) 
HBL: High-fluence blue light (10 µmol m−2 s−1 continuous) 
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[Suzuki et al., (2014), modified] 
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Fig. 6  Cross-reactivity of specific antibodies against Osphot1 with Zmphot1 
A. Recognition epitope of two antibodies. Antibody [i] (Osphot1 LOV domain-recognized [i], 
and [ii] kinase domain-recognized antibodies. 
B, C. Immuno-reactivity of two antibodies against Osphot1 and Zmphot1. Proteins of 
microsomal (ms) and supernatant (sup) fractions were extracted from 0–5 mm of rice and 
maize coleoptiles. Microsomal proteins from maize coleoptiles and young leaves  were loaded. 
Approximately 3–5 µg of proteins of each sample were analyzed using two antibodies at a 
1:500 dilution (Osphot1 LOV domain-recognized [i] and kinase domain-recognized [ii] anti-
Osphot1 antibodies). 104-kDa and 101-kDa bands correspond to Osphot1 and Zmphot1 
proteins, respectively. 
 ms      sup       ms      sup  
Rice Maize 
[Suzuki et al., (2014), modified] 
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Fig. 7 Immuno-blot analysis of Zmphot1 in coleoptiles and young leaves  
A. Proteins of microsomal fractions were extracted from 0–5 mm of coleoptiles and young leaves 
were loaded. Approximately 3–5 µg of proteins of each sample were analyzed using two 
antibodies at a 1:500 dilution (Antibody [i], antibody [ii] described in Fig. 3). 101-kDa bands 
correspond to  Zmphot1 proteins.  
B. Microsomal proteins from top 0–3, 3–6, and 6–9-mm regions of maize coleoptiles were 
analyzed using an anti-Osphot1 LOV domain-recognized antibody (1:2,000). Each sample of 0–3, 
3–6, and 6–9-mm regions contained approximately 30 µg protein. After signal detection, the PVDF 
membrane was stained with Coomassie Brilliant Blue (CBB) (lower panel). 
[Suzuki et al., (2014), modified] 
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Fig. 8 Effects of blue-light irradiation on Zmphot1 in maize coleoptiles 
A. Scheme of experimental condition for blue light irradiation.    
B. Proteins of microsomal fractions were obtained from 0–5 mm coleoptile tips incubated 
for indicated times after unilateral pulsed LBL or continuous HBL irradiation. Each sample 
contained approximately 40 µg protein was analyzed using an antibody [i] (Fig. 3) at a 
1:5,000 dilution. Proteins were stained with CBB (lower panel).  
C. After 5-min incubation following LBL or HBL irradiation, shaded (Sh) and irradiated (Ir) 
halves were separated and microsomal fraction proteins were obtained. Zmphot1 was 
detected as same as in A. Lower panel shows PVDF membrane stained with CBB. 
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LBL (0.33 µmol m−2 s−1 × 8 s) 
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[Suzuki et al., (2014), modified] 
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Fig. 9  Effects of λ-protein phosphatase treatment of Zmphot1 proteins before and after 
LBL (A)  or HBL (B) irradiation for 5 min 
The microsomal protein fraction obtained as described in Materials and Methods was 
incubated for 30 min with λ-protein phosphatase, and the protein (approx. 50 µg) was 
analyzed by Western blotting using an antibody [i] (Fig. 3) (1:5,000). 
 
A. 
B. 
[Suzuki et al., (2014), modified] 
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Fig. 10 Detection of ZmNPH3-like (A) and ZmPGP19-like (B) proteins 
A. and B. Microsomal fractions from top 0-3, 3-6, 6-9 mm of maize coleoptiles were 
extracted as same as Fig. 4 B. Anti-ZmNPH3-like and ZmPGP-like anbodies were used at 
1:5000 dilution to detect each proteins. 
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[Nishimura et al., (2009), modified] 
Fig. 11 Effective condition of bombardment for maize coleoptiles 
A. Photos of maize coleoptiles used for the experiments. 
B. Three different size of gold (diameter 0.6 μm, 1 µm, 1.6 µm), Two types of pressures 
(1100 psi, 900 psi) were evaluated with 6 or 9 cm of sample distances.  The samples were 
used with thicker or thinner side up. Psi : pound-force per square inch (1 psi =  approx. 
6894.76 Pa). 
A. 
B. 
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100 μm 
100 
μm 
Fig. 11 Effective condition of bombardment for maize coleoptiles 
C. Photos of the most effective conditions using 35S::GFP. Cross sections of maize 
coleoptile in merged with fluorescent signal (upper right) and that of blight field (lower 
left), and coleoptiles (right) are drawn. Bars = 100 µm. 
D. Picture of onion epidermal cells. 35S::GFP was bombarded into onions. Bar = 100 µm. 
C. 
D. 
100 μm 
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Fig. 12 Detection of Zmphot1-GFP (A), ZmNPH3-like-GFP (B) and co-localized Zmphot1 
and ZmNPH3-like proteins (C) 
A. 35S::ZmPHOT1-GFP construct was bombarded into red-light adopted maize coleoptiles 
(1.5 days-old) and coleoptiles were incubated until next day. The Fluorescent signal 
was observed using microscope. 
B. 35S::ZmNPH3-like-GFP construct was bombarded as same as A. 
C. Co-localization of Zmphot1 and ZmNPH3-like was visualized using BiFC constructs, 
ZmPHOT1-nYFC and ZmNPH3-like-cYFC. Bombardment was carried out as same as 
above.  
Each bars = 100 µm. 
A. 
B. 
C. 
100 μm 
100 μm 
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Fig. 13 Detection of Zmphot1-GFP (A), ZmNPH3-like-GFP (B) and co-localized Zmphot1 
and ZmNPH3-like proteins (C) 
A. 35S::ZmPHOT1-GFP construct was bombarded into onion epidermal cells and kept in 
darkness until next day. The fluorescent signal was observed using microscope. 
B. 35S::ZmNPH3-like-RFP construct was bombarded as same as A. 
C. Co-localization of Zmphot1 and ZmNPH3-like was visualized using BiFC constructs, 
ZmPHOT1-nYFC and ZmNPH3-like-cYFC. Bombardment was carried out as same as 
above.  
Upper panels; fluorescent signals, Middle panels; Merged of upper and lower, Lower 
panels; Bright fields. Each bars = 100 µm. 
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[Matsuda et al., (2011) and Nishimura et al., (2014), modified] 
Fig. S3  Expression patterns of ZmYUCs, ZmPHOT1, ZmNPH3-like, and ZmPGP-like 
mRNA in maize coleoptiles 
Total mRNA was obtained from each 0-1, 1-2, 2-3 and 3-4 mm sections from top of 
coleoptiles. qPCRs were performed in at least biological triplicate with two technical 
replicates, and expression levels were normalized to that of ZmUbiquitin. Values are 
means ± SE.  
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Fig. 14 A model of signal transductions for LBL-induced first positive photo- tropism in 
maize coleoptile tip 
When LBL are irradiated laterally, Zmphot1 perceives the LBL signal and causes auto-
phosphorylation. The phosphorylated signal is immediately transmitted to other 
phototropism related proteins like ZmNPH3. 
Remained questions ; 
1. Are epidermal cells sites both for light perception and IAA biosynthesis? 
2. Are there direct relationships between photo-perception and IAA biosynthesis? 
3. Are ZmNPH3 and/or PGP-like involved in tip specific signaling? 
4. Lateral IAA transport or IAA reduction establishes asymmetric distribution? 
5. Is phosphorylation of Zmphot1 required? 
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Fig. 1 Chemical structures of indole-3-acetic acid (IAA), 1-naphtalene acetic acid (NAA), 
2,4-dichlorophenoxy-acetic acid (2,4-D), 1-naphthoxyacetic acid (1-NOA), and 7-B3; 
ethyl 2-[(2-chloro-4-nitrophenyl)thio]acetate. 
 
NAA 
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IAA 
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[Suzuki et al., (2014), modified] 
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Fig.S1 Effects of IAA efflux and influx inhibitors on the growth of  light-grown 
Arabidopsis seedlings 
Arabidopsis seedlings were grown on vertical agar plates (A), containing each chemicals 
at indicated concentrations (B) for 6 days. Phenotypes of NPA, 1-NOA and 7-B3 treated 
seedlings were observed. 
[Suzuki et al., (2014), modified] 
A. 
B. 
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Fig. S2  Inhibition of 1-NOA and 7-B3 on DR5::GUS expression induced by IAA and 2,4-D 
in Arabidopsis roots  
DR5-GUS Arabidopsis seeds were germinated on agar plates for 6 days in the dark, then 
seedlings were treated with solution containing indicated combinations of auxins and 
inhibitors for 7 h. GUS staining performed as described in Materials and methods.  
 
[Suzuki et al., (2014), modified] 
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Fig. S3  Co-treatment of 2,4-D with 1-NOA or 7-B3 partially recovered root growth of Arabidopsis 
seedlings but not that of NAA 
A. Effects of NAA and 2,4-D on root lengths of 6 days old Arabidopsis seedlings. Seedlings were grown on 
vertical agar plates with indicated concentrations of NAA or 2,4-D for 6 days. Bars represent ± SE (n=10). 
B. Recovery of root length by 1-NOA and 7-B3 in Arabidopsis seedlings treated with NAA or 2,4-D. 
Seedlings were grown with indicated concentrations of inhibitors for 6 days. Bars represent ± SE (n=10).  
[Suzuki et al., (2014), modified] 
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Fig. 2 DR5::GUS expression of Arabidopsis seedlings treated with 1-NOA or 7-B3 
DR5::GUS transgenic Arabidopsis seedlings were grown on agar plates for 5 days with or 
without chemicals at the indicated concentrations and then observed GUS staining. 
[Suzuki et al., (2014), modified] 
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Fig. 3  Altered apical hock formations of Arabidopsis seedlings treated with 7-B3 
A. Arabidopsis seedlings were grown with indicated concentrations of 2,4-D, NPA, 1-NOA 
or 7-B3 for 4 days in darkness. Bar = 1 mm. 
B. Magnified images of cotyledon of seedlings treated with 5 μM 7-B3 and control. 
Arrowheads indicate GUS staining in cotyledon tip. Bar = 0.3 mm. 
[Suzuki et al., (2014), modified] 
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Fig. 4 The model of auxin transport and its inhibitors 
IAAH and NAA can enter the cell by diffusion. IAA - and 2,4-D are transported by influx 
carriers, AUX/LAXs and ABCBs. Cellular IAA - moves out of the cell by efflux carriers, PINs 
and ABCBs. 1-NOA and 7-B3 (present study) inhibit influx carriers and NPA inhibits efflux 
carriers.        ;Influx carriers (AUX/LAXs, ABCBs),         ; efflux carriers (PINs, ABCBs),          ; 
by diffusion,         ; via transporters.  
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